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Abstract: Three-dimensional (3D) cell cultures provide an important model for various biolog-
ical studies by bridging the gap between two-dimensional (2D) cell cultures and animal tissues.
Microfluidics has recently provided controllable platforms for handling and analyzing 3D cell
cultures. However, on-chip imaging of 3D cell cultures within microfluidic devices is hindered
by the inherent high scattering of 3D tissues. Tissue optical clearing techniques have been used
to address this concern but remain limited to fixed samples. As such, there is still a need for an
on-chip clearing method for imaging live 3D cell cultures. Here, to achieve on-chip clearing
for live imaging of 3D cell cultures, we conceived a simple microfluidic device by integrating
a U-shaped concave for culture, parallel channels with micropillars, and differentiated surface
treatment to enable on-chip 3D cell culture, clearing, and live imaging with minimal disturbance.
The on-chip tissue clearing increased the imaging performance of live 3D spheroids with no
influence on cell viability or spheroid proliferation and demonstrated robust compatibility with
several commonly used cell probes. It allowed dynamic tracking of lysosomes in live tumor
spheroids and enabled quantitative analysis of their motility in the deeper layer. Our proposed
method of on-chip clearing for live imaging of 3D cell cultures provides an alternative for
dynamic monitoring of deep tissue on a microfluidic device and has the potential to be used in
3D culture-based assays for high-throughput applications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Three-dimensional (3D) cell cultures, such as spheroids and organoids, bridge the gap between
two-dimensional (2D) cultures and in vivo tissues in animals [1]. 3D cultures can emulate
physiological cell-cell and cell-extracellular matrix (ECM) interactions, better mimic in vivo
tissues with closer architecture and greater physiological relevance than conventional 2D cultures,
and decrease the cost and ethical issues associated with the usage of experimental animals [2].
3D cultures have provided important models for a broad range of biological studies ranging from
organogenesis, tissue engineering, tumor biology, drug screening, and many other biomedical
applications [3–7]. In the past decade, advances in microfluidics have contributed significantly
to the development of 3D cultures [8–11]. Spheroids or organoids have been combined with
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microfluidic technology to create organ-on-a-chip systems, where microfluidic technology is
exploited to actively control flow conditions, mechanical stressors, and the chemical environment
[12]. Multiple studies have shown that spheroids cultured on microfluidic chips can better
recapitulate the in vivo microenvironment [13].

To fully exploit the benefits of on-chip 3D cell cultures, 3D visualization is crucial. Modern
optical imaging techniques provide powerful tools to observe thick tissues in 3D with high
resolution; however, imaging is highly limited due to multilayered cells and thickness, which
limits light penetration leading to unsatisfactory imaging performance in deeper tissue layers [14].
Moreover, chip systems often introduce extra limitations for imaging depth due to complicated
fabrications [15]. Tissue optical clearing technology reduces light attentuation and improves
penetration depth by matching the refractive index between components via kinds of physical
and chemical strategies [16–18].

Tissue optical clearing techniques can render real tissues and even whole animal bodies
transparent [18–23]. In recent years, multiple optimized clearing protocols have been proposed
for 3D culture models [24–26], such as brain organoids [26–28], stem cell spheres [29], human
dermal fibroblasts (HFIB) spheroids [30,31], intestinal organoids [32], tumor spheroids [33],
which permitted high-depth imaging of these models. Most of these clearing protocols require
repeated solution exchange, which is labor-intensive, difficult to implement for small 3D cell
cultures, and prone to sample loss or damage. It is also hard to track the same 3D cell cultures
throughout the entire experimental process [34]. Considering the ease of handling and high
throughput, several groups have engineered microfluidic platforms for on-chip clearing of 3D
cell cultures [12,34–37]. Still, these protocols remain limited to fixed samples due to the use of
harsh mounting conditions or toxic chemicals [24], which are incapable of dynamic monitoring
of growth, development, and pathological reactions in 3D cell cultures. Hence, there is a need for
effective, microfluidic-based tissue clearing platforms for imaging live 3D cell cultures.

In this study, we described the on-chip clearing for live imaging of 3D cell cultures. We first
fabricated an integrated microfluidic device for 3D culture, clearing, and live imaging on-chip.
We then developed an on-chip tissue clearing protocol based on iodixanol for live 3D cell cultures,
and further evaluated imaging performance in tumor spheroids. Furthermore, we applied the
on-chip tissue clearing to monitor the motility of lysosomes in live tumor spheroids.

2. Methods

2.1. Microfluidic chip design

The device consists of four parts: a top layer with a cover glass and two in/outlets, a punched
polydimethylsiloxane (PDMS) membrane, a patterned PDMS layer, and a bottom layer with a
glass slide. The patterned PDMS layer contains three microfluidic units, and each unit includes
two parallel channels: a culture channel and a clearing channel. Seven U-shaped concave
chambers, each about 2 mm in diameter, were equally spaced under the culture channel with
an interval of 3.5 mm. The width of the culture channel and clearing channel were 600 µm and
1000 µm, respectively, with the same length of 3.5 cm. The joints of the two channels were
1000 µm in width, including two micropillars 200 µm in width served as a buffer to reduce the
impact of the fluid on the spheroids.

2.2. Microfluidic chip fabrication

2.2.1. Soft lithography

The silicon mold was made with soft lithography according to the following procedure: the wafer
was uniformly coated with SU-8 2150 negative photoresist (Microchem, USA) using a spinner,
then baked at 65°C for 5 min and then 95°C for 30 min. After selective exposure through a film
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photomask with an energy dose of 260 mJ/cm2, the wafer was further baked at 65°C for 5 min,
then 95°C for 12 min. After development, the wafer was cleaned for subsequent experiments.

2.2.2. Patterned PDMS layer fabrication

The PDMS prepolymer was produced by mixing PDMS (Sylgard 184, Dow Corning, USA) with
curing agent at a 10:1 ratio (by weight). After vacuum treating for 1 h at room temperature
(RT), 13.5 g of PDMS prepolymer was poured on the silicon mold and placed in 80°C oven for
1 h for solidification. Then, the solid PDMS was carefully peeled off the mold and wells were
created with a biopsy punch. Next, the patterned PDMS layer and glass slide were cleaned with
residue-free tape and an ultrasonic cleaning machine for 30 min, treated with oxygen plasma for
100 s to form covalent bonding, and then kept at 80 °C for at least 1 h to enhance the bonding
effect.

2.2.3. U-shaped bottom fabrication

PDMS prepolymer was loaded into a syringe with a 0.6 mm needle, and the gas in the syringe
was discharged. Next, the syringe was continuously and slowly pushed and the PDMS droplets
were added to wells that were formed by the punched PDMS layer and the cover glass (Fig.S1).
The device was then placed under a vacuum for 30 min, followed by 80°C incubation for 3 h to
form the solidified U-shaped bottom.

2.2.4. Surface treatment

A differentiated surface treatment between the cover glass and the U-shaped bottom was created.
Prior to bonding, the cover glass of the top layer was treated with L-Polylysine for 30 min to form
an adherent surface for anchoring the tumor spheroids. After bonding, the channels were infused
with the Anti-adherence agent (StemCell, Canada) until filled; then, the device was placed under
gnotobasis for 30 min to form a low adherent surface at the U-shaped bottom and subsequently
reinfused with deionized water followed by nitrogen. A vacuum was then applied for 6 h at RT to
remove the bubbles.

2.3. Fluid dynamics simulation

Finite element simulations at different perfusion velocities during clearing were performed
by COMSOL Multiphysics 6.1 (COMSOL, USA). Multi-physical field simulation was carried
out using laminar flow and transport of dilute species to simulate the diffusion process of the
reagent. The shear rate and pressure drop were recorded. Further, to find an appropriate perfusion
velocity for clearing protocol, perfusion velocity ranges from 0.6 µL/min to 600 µL/min were
applied with the viscosity of iodixanol acquired with an NDJ-1F viscosimeter (QIGAO, China).
After the uniform diffusion of iodixanol in the culture channel, the levels of pressure, velocity
magnitude, and shear stress in the channel under different perfusion velocities and chip designs
were compared and evaluated.

2.4. Spheroid formation on the microfluidic chip

MCF-7 cell line that expresses GFP endogenously (a gift from Prof. Yiwei Li’s lab, China) and
human umbilical vein endothelial cells (HUVEC) cell line (ScienceCell, USA) were used in
this study. MCF-7 cells and HUVEC cells were grown in Dulbecco’s modified eagle medium
(DMEM) and endothelial cell medium (ECM), respectively, which were both supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Once the cells had grown to
80–90% confluence, they were harvested by 0.25% Trypsin-EDTA treatment and resuspended in
the complete medium to a suspension volume of 1× 106 cells/mL.

Then, the MCF-7 cell suspension was infused into the culture channel with the clearing channel
locked. Once the culture channel was filled, the device was centrifuged at 400 g for 5 min, and
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reinfused at 2 µL/min with DMEM to remove the residual cells outside the culture chambers,
followed by re-centrifugation at 100 g for 5 min.

The cells were cultured in a humidified incubator (Thermo Fisher Scientific, USA) maintained
at 37°C and 5% CO2. The device was perfused with culture medium every 24 h, and a syringe
filled with the medium was linked to each channel of the device.

For the co-culture spheroid formation, suspensions of MCF-7 and HUVEC cells were mixed
at a volume ratio of 3:1, then infused and cultured using the same protocol as above.

2.5. Staining

The working solutions of five chemical dyes were prepared according to the standard protocols,
including propidium iodide (PI) (C2015M, beyotime, China), Calcein-AM (C2015M, beyotime,
China), Hoechst 33342 (C1027, beyotime, China), Annexin-V (40304ES20, Yeasen, China), and
LysoTracker Red (C1046, beyotime, China). The dilutions of the dyes are as follows, 1:1000 for
PI and Calcein-AM, 1:100 for Hoechst 33342, 1:50 for Annexin-V, and 1:20000 for LysoTracker
Red.

Prior to staining, the tumor spheroids were perfused with PBS at 18 µL/min for 10 min to
remove the metabolic waste. Next, the working solutions were perfused at 18 µL/min for the
following time spans: 20 min for PI, Hoechst 33342, Annexin-V, and Calcein-AM, 40 min for
LysoTracker Red. The device was then reinfused with culture medium for 10 min to remove the
residual dye.

2.6. Clearing

2.6.1. Preparation of agents

The solutions were prepared by mixing glycerol (V900122, Vetec, USA), iohexol (I134719,
Aladdin, China), and iodixanol (D1556, Sigma-Aldrich, USA) with the complete medium or
deionized water at different ratios. The transmittance was measured with a spectrophotometer
(Lambda 950, PerkinElmer, USA). The Osmotic pressure was measured using a Gonotec-3000
osmometer (Gonotec, Germany). The refractive indices were measured at 20°C using an Abbe
refractometer (WAY-2S, Shanghai YiCe Apparatus & Equipment Co., Ltd., Shanghai, China) at
589 nm.

2.6.2. On-chip clearing

After infusion of culture medium to remove metabolic waste, the clearing channels were infused
with the 20% (v/v) iodixanol solution at 18 µL/min for about 10 min. The spheroids were
recovered by reinfusing the culture medium.

2.7. Cell viability test

Cell viability was assessed using Cell Counting Kit-8 (CCK-8) (40203ES76, Yeason, China),
which was based on WST-8, a tetrazolium salt reduced by dehydrogenases to a yellow dye
detected at 450 nm. The device was first perfused with medium at 18 µL/min for 10 min. After
that, the CCK-8 working solution was introduced into the channel at 18 µL/min for 10 min to
fulfill the culture chamber. Then, the spheroids were incubated for an hour with a continuous
flow at 2 µL/min. The waste collected by a centrifuge tube was analyzed by a Microplate Reader
(BioTek, USA).

2.8. Imaging

Images of the chip were acquired with a Panasonic DC-GX9 camera, and enlarged details were
obtained under a Motic DM-143-FBLED-A5 microscope. The bright-field images of the tumor
spheroids were acquired with an IX70 Fluorescence microscope (Olympus, Japan), and the
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wide-field fluorescent images of spheroids were obtained with the Axio Zoom.V16 microscope
(Zeiss, Germany). Confocal images and differential interference contrast (DIC) images were
acquired with LSM710 confocal microscope (Zeiss, Germany) equipped with a Zeiss 10× Fluar
objective (N.A., 0.5; air) and a Zeiss 40× Plan-Apochromat objective (N.A.,1.4; oil). The images
before and after clearing were acquired with the same imaging parameters, and no z-axis laser
intensity correction was applied.

2.9. Data analysis

The obtained images were analyzed with Fiji and MATLAB (MathWorks, USA). The ‘bright-
ness/contrast’ in Fiji was used to adjust the images for better visualization. The DIC images
were quantitated with Fiji’s ‘Plot profile’. In detail, pixel values reflecting the local optical
path difference were acquired from a straight line perpendicular to the cytomembrane, and the
refractive index difference was calculated by the ratio of the pixel values inside and outside the
cytomembrane. The orthogonal view (x-z) of the image stacks was made with Fiji. To analyze
lysosome motility, images were initially denoised by block-matching and 3D filtering (BM3D)
method [38]. Fiji’s implemented ‘trackmate’ was applied to trace the movement of lysosomes for
both the no-clearing and the clearing groups, LoG detector and simple LAP tracker were applied;
only tracks longer than 20 flames (20s) were analyzed. Imaris (Oxford Ins., UK) was applied for
cell counting.

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, USA). All
numerical data are presented as mean± standard deviation (S.D.). Unpaired t-test was used for
pairwise comparison, one-way analysis of variance (ANOVA) was used for lysosome analyses
and statistical significance was determined at p< 0.05.

3. Results

3.1. Design and fabrication of a microfluidic chip integrating 3D culture, live clearing
and imaging

Mismatch of refractive indices between cultured samples, the culture media and chip functional
elements are common obstacles in the imaging and analysis of 3D cell cultures on chip platforms.
Tissue optical clearing techniques have been combined with microfluidic platforms to allow
high-throughput structural analysis of 3D cell cultures but are limited to fixed samples. Here, we
aimed to clear live 3D cell cultures on a microfluidic device to permit live imaging in deep tissue
layers. To this goal, we conceived a microfluidic chip integrating 3D culture, tissue clearing, and
live imaging. It consisted of a bottom support with a glass slide, a patterned PDMS layer for
containing the channels, a punched PDMS membrane for sealing the chip and facilitating the
liquid flow in the channels, a cover glass as the top layer for imaging, and the in/outlets. The
device design and fabrication are shown in Fig. 1.

For spheroid culture, we utilized a U-shaped concave bottom which could be formed sponta-
neously under the surface tension of liquids (Fig. S1) and designed the culture chamber to be
millimeter-scale both in width and depth to allow the formation of 3D spheroids with a necrotic
core and a gradient of nutrients to mimic physiological conditions.

To reduce the disturbance to live spheroids during on-chip clearing, we introduced parallel
channels and micropillars at the junction of the two channels. As shown in Fig. 1(a), the culture
and clearing were overtaken by two independent channels and micropillars in-between to avoid
direct infusion of the fluid. The simulation results of the relevant fluid parameters along the
channels demonstrated that the parallel design could notably reduce the influence of direct
perfusion (Fig. 1(b) & Fig. S2). Figure 1(c) shows a fabricated chip and locally enlarged images
of the details from the top and side view.



Research Article Vol. 14, No. 6 / 1 Jun 2023 / Biomedical Optics Express 3008

Fig. 1. Design and fabrication of the microfluidic chip for 3D culture, live clearing and
imaging. (a) Schematic view of the chip with four layers including a bottom support with a
glass slide, a patterned PDMS layer, a punched PDMS membrane and a top layer with a cover
glass and in/outlets. The width of culture channel and clearing channel is approximately
600 µm and 1 mm, respectively. The diameter of the cylindrical well is about 2 mm and
the depth of the U-shaped concave bottom is about 1.5 mm. (b) The parallel channels
and micropillars reduce the disturbance. (c) Photograph of an actual chip device viewed
from above and the enlarged images from the top view and side view. (d) Illustration of
the pipeline of spheroid culture, clearing and imaging on the chip. 1: culture chamber;
2: micropillars; 3: culture channel; 4: clearing channel; 5: slide glass; 6: cover glass; 7:
punched PDMS membrane; 8: culture layer.

For imaging, to bypass the refractive index (RI) mismatch of device material as far as possible,
we punched the PDMS membrane to match with the concaved PDMS chamber, and covered the
chip with a thin cover glass, which functioned as the imaging window. Here, we conceived a
differentiated surface treatment between the cover glass and U-shaped bottom by considering
the limited working distance of objectives. Unlike the low adherence treatment to the U-shaped
bottom, we applied the adherence treatment to the cover glass to produce a surface with a certain
degree of adherence capability so that the formed spheroids could be anchored by reversing
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the chip, permitting imaging with high-magnification objectives. Moreover, this reversal and
adherence could hold the spheroids during infusion of clearing solution and repeated imaging
to avoid floating and rotating, enabling continuous monitoring of the same region of the same
spheroid, as shown in Fig. 1(d).

With this device, multiple MCF-7 spheroids were generated (Fig. S3). The cells aggregated
after centrifugation (day 0), indicating the formation of cell-cell interactions, and the spheroids
gradually increased to about 0.35± 0.06 mm2 in the area during a 4-day culture. The above
results demonstrated that this device enables multiple tumor spheroids production, which assured
the feasibility of further investigation of the on-chip clearing and imaging.

3.2. Development of the microfluidic-based clearing protocol for live 3D cell cultures

To clear live 3D cell cultures, we first searched for effective clearing agents from compounds that
combine high transmittance, high water solubility, dilution-dependent RI tuning, and low toxicity
as crucial requirements for live-imaging compatibility. Three agents were considered, including
glycerol, a commonly used clearing agent in skin, iohexol and iodixanol, two intravenous X-ray
contrast agents widely used in clinical practice. The physicochemical properties of these agents
are shown in Fig. S4. Iodixanol demonstrates great potential since it is optically transparent,
displays a high RI, and, most importantly, is almost nearly isotonic to the cell culture media.

Since the RI of the spheroid sample was unknown, iodixanol concentration titration was
performed. We incubated the cells in various concentrations of iodixanol and observed them
with DIC microscopy. A loss of contrast between the sample and medium results from a match of
RI. As shown in the DIC images and quantitative results, concentrations in the range of 15–25%
would be appropriate clearing agents (Fig. 2(a)-(b)).

Next, to determine the infusion parameters for on-chip clearing, we built a finite element
model of the microfluidic platform and simulated the fluid dynamics of the clearing agents with
different flow rates ranging from 0.6 µL/min to 600 µL/min (Fig. 2(c)-(d)). The results showed
that flow rates ranging from 4 µL/min to 44 µL/min allowed effective infusion of the agent to
seven chambers in a reasonable time with shear stress close to physiological condition (0.1–1
dyn/cm2). With a flow rate of 18 µL/min, the clearing agent filled the chambers in about 5 min.
Further, we verified the clearing effect on MCF-7 spheroids by infusing 20% iodixanol solution
at a rate of 18 µL/min on the microfluidic platform. The bright-field images of the same spheroid
during clearing were recorded (Fig. 2(e), see Visualization 1), showing that the transparency
of the spheroid was slightly enhanced, and did not notably change after 5 min (Fig. 2(f)). To
ensure that the agent exchange was complete, and the tissue transparency reached the plateau, we
determined 10 min as the optimal infusion time for the clearing protocol.

As toxicity is an important consideration in live imaging applications, we analyzed the safety
of the clearing protocol for the spheroids from several aspects in view of cell viability and
proliferation. The bright-field images and size measurement show that the clearing process did
not change spheroid size during clearing (see Visualization 1). Next, we assessed the viability of
3D cell cultures using CCK-8. The results indicated that cell viability after on-chip clearing was
comparable to the no-clearing group (Fig. 2(g)), and this viability was sustained for a minimum
of two hours (Fig. S5). These findings suggest that the clearing method has no significant impact
on cell viability. In addition, we compared the proliferation of 3D spheroids by monitoring their
size at different time points. As shown in Fig. 2(h), there is no significant difference between the
size of spheroids with and without clearing. These results indicated that the clearing protocol
has no obvious harmful effects on cell viability and spheroid proliferation.

3.3. Increased imaging performance by on-chip tissue clearing

To assess the improvement of on-chip clearing on imaging performance, we applied the clearing
protocol to MCF-7 tumor spheroids and performed confocal microscopy.

https://doi.org/10.6084/m9.figshare.22247569
https://doi.org/10.6084/m9.figshare.22247569
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Fig. 2. Iodixanol-based on-chip clearing for live spheroids (a) DIC images of iodixanol-
treated MCF-7 cells. (b) Quantification of the refractive index matching degree. (c)-(d)
Comparison of shear stress and agent exchange time under different flow rates via fluid
dynamics simulation. (e) Bright-field images of the same MCF-7 tumor spheroid during
clearing. (f) The brightness curve of the spheroid along with time. (g)-(h) Safety assessment
of the clearing protocol by comparing the cell viability and spheroid proliferation. The
values are the mean±S.D.; statistical significance (n.s., not significant) was assessed by
unpaired t test.

First, we investigated the fluorescence compatibility of the clearing solution with both
endogenous GFP and exogenous fluorescent probes, including PI, Hoechst 33342, Calcein-AM,
and Annexin-V, which are commonly used chemical dyes for live and dead cell staining. The
iodixanol-based clearing agent showed robust compatibility with the above fluorescent probes
(Fig. S6), which allows for multi-color imaging.
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Fig. 3. Increased imaging performance after on-chip clearing. (a) Fluorescence images of
MCF-7 tumor spheroid at different depths before and after clearing. (b) Orthogonal view
(x-z) of the region indicated by the dashed yellow lines in (a). (c) Represented curves of
fluorescence intensity against z depth. (d) High-magnification images of cells in spheroid at
a depth of 50 µm before and after clearing. (e)The plot of signal intensity along the yellow
lines in the images in (d).

Then, we imaged the same spheroid in the same region before and after clearing. The images
at different depths are demonstrated in Fig. 3(a). The results showed that on-chip clearing
effectively increased the GFP fluorescence intensity in deeper layers, and significantly improved
cell counting (Fig. S7). Based on the obtained image stacks, we made an orthogonal projection
(x–z projection) and plotted the fluorescence intensity curves against the z depth (Fig. 3(b)-(c)).
The calculation showed that the clearing protocol increased the image depth by about 30%.

Further, to test the increased performance at high magnification, we stained the MCF-7
spheroids with Hoechst 33342 and observed the nucleus with a 40× oil objective before and after
clearing at the same depth with the same imaging parameters. As shown in Fig. 3(d)-(e), the cell
nucleus signal at a depth of 50 µm is hard to detect before clearing, while clearing substantially
increased the imaging quality, enabling detection and distinguishment of the cell nucleus at a
deeper layer.

3.4. On-chip clearing permits the monitoring of lysosomes in deeper layers

To demonstrate the biological application of on-chip clearing for live spheroids, we targeted
the intracellular movement of organelles, which is fundamental to multicellular systems. The
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Fig. 4. Monitoring and analysis of lysosome motility in the spheroids. (a) The confocal
images of the same spheroid at a depth of 60 µm before and after clearing. Red, LysoTracker
red; green, GFP; blue, Hoechst 33342. (b) The enlarged views of the dashed boxed regions
in (a). (c) The pipeline for image processing and tracking of lysosomes. (d) Comparison
of movement speed before and after clearing at a superficial depth. (e) Quantification of
lysosome movement speed at different depths. The values are the mean±S.D.; statistical
significance (n.s., not significant; *, p< 0.05; ***, p< 0.001) was assessed by unpaired t test
in Fig. 4(d) and by one-way ANOVA in Fig. 4(e).

motility of lysosomes is closely related to cancer development and progression. Here, we
tried to monitor lysosome movement in a co-culture spheroid of MCF-7 cells and endothelial
cells. The multi-color images of the spheroid at a depth of 60 µm are shown in Fig. 4(a)-(b).
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Comparison between the no-clearing and clearing groups further showed the improvement of
imaging performance by on-chip clearing

We tracked and quantified the trajectories of the lysosomes to characterize their motility (see
Visualization 2). Figure 4(c) illustrates the image processing pipeline for tracking lysosomes. As
shown in Fig. 4(d), the movement of lysosomes after clearing shows no significant difference
from the initial state in the superficial layer, suggesting that the clearing process did not affect the
lysosome motility, reinforcing the safety of the clearing protocol. In addition, the counting and
tracking of lysosomes at deeper layers also indicate the effectiveness of the clearing method, as
demonstrated in Fig. S8 and Fig. S9.

Then, with the aid of clearing, we monitored the dynamic movement of lysosomes in live
spheroids at different depths in the co-culture spheroids, the results showed that the moving
speed gradually increased with depth significantly, indicating more active lysosome motility at
inner layers (Fig. 4(e)). This difference could hardly be observed without clearing, because the
identification and tracking of lysosomes was extremely difficult before clearing.

4. Discussion

In this study, we introduced an on-chip clearing method for live imaging of 3D cell cultures
based on a microfluidic device, which integrated 3D culture, clearing, and imaging. We utilized
the U-shaped concave bottom for 3D culture, designed the parallel culture and clearing channels
with micropillars for minimal disturbance, and combined the differentiated surface treatment
for subsequent imaging. Iodixanol-based on-chip clearing increased the signal intensity and the
imaging depth of 3D cell cultures and demonstrated robust compatibility with several commonly-
used fluorescent probes, with no harmful effects on cell viability or spheroid proliferation. Our
method permitted monitoring of the dynamic movement of organelles in deeper 3D cell cultures.

Besides the numerous tissue clearing protocols for fixed tissues, multiple studies have focused
on in vivo clearing methods for animal tissues for live imaging, mainly for the skin and skull
[39–43]. The commonly used in vivo clearing agents include sugars, sugar-alcohols and detergents,
which are generally in high concentration and high osmolarity, making them inapplicable with live
cellular models. Iodixanol has previously been applied for refractive index matching medium for
live tissues [44], which inspired us to combine it with the microfluidic device for on-chip clearing
and imaging of spheroids. Very recently, 60% iodixanol has been used to clear ligamentum
flavum to establish an optically cleared intervertebral window for in vivo imaging of the mouse
spinal cord [45]. In our study, we introduced iodixanol into on-chip clearing to enhance imaging
performance for live tumor spheroids. As a non-toxic chemical and an FDA-approved contrast
agent, iodixanol is likely to play an important part in the live imaging of deep tissues.

While utilizing the clearing agent may temporarily alter the environment for imaging purposes,
we believe this represents a reasonable trade-off, as it allows for high-quality images to be obtained
from deep tissues. The reversibility, coupled with the maintenance of cell viability, demonstrates
the potential value of this clearing method as a minimally invasive and non-toxic tool for live
spheroid imaging. Additionally, while image denoising algorithms can improve the quality of
noisy images to some extent, they cannot fully eradicate the noise and artifacts attributed to light
scattering and absorption in spheroids. As such, combining the clearing method with imaging
processing algorithms to enhance the signal-to-noise ratio and contrast of images may prove
more effective and reliable than relying solely on image processing techniques.

Current tissue clearing methods have been previously combined with the microfluidic platform
for on-chip clearing of 3D cell cultures. For instance, Chen et al. engineered a microfluidic system
to load 3D micro-tissues via gravity and to rapidly render intact micro-tissues optically transparent
by inducing pressure-driven flow [12]. Grist et al. have also demonstrated a microfluidic platform
for high-throughput clearing of breast cancer spheroids to address the issue of handling difficulty
[34]. Santisteban et al. integrated the CLARITY method on a chip and decreased the clearing

https://doi.org/10.6084/m9.figshare.22247566
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time of hydrogel-embedded tissues by using an osmotic pump mechanism [36]. In addition,
Oh et al. have combined tissue optical clearing with a minipillar array chip for high-content
phenotypic analysis of microtumors [37]. To achieve on-chip 3D imaging, Zhang et al. combined
a simplified CLARITY method with lens-free holographic on-chip microscopy [35]. There is
no doubt that the integration of tissue clearing methods with microfluidic devices has enabled
high-throughput imaging of 3D cell cultures, but is still limited to fixed tissues. Compared to
these chip designs, the microfluidic device in our study integrated 3D culture, clearing and live
imaging on a chip, which has not been reported previously. This design is expected to facilitate
dynamic monitoring of the growth, development, and pathological reactions in 3D cell cultures.

There are many methods that can be used to form spheroids, including low adherent surface,
matrix-embedded, hanging drop, and droplet-based spheroids [46]. In this work, the U-shaped
bottom low-adherent surface was chosen because it is convenient, and easy to use with uniform-
sized spheroids, and the spheroids can be cultured long-term due to the presence of PDMS
[47].Generally, the spheroids are subjected to shear stress through flow [46], the design of parallel
channels combined with micropillars in our device can overcome these problems to a certain
degree.

PDMS surface modification has been popular for microfluidic devices in cell culture [48]. Low
adherence is required to facilitate spheroid formation, while some adherence is needed to catch
the spheroid prior to clearing and imaging. These two requirements for surface treatment are
contradictory, making it hard to achieve them in the same device. In our study, we noticed that the
L-polylysine-treated adherence surface was more robust to harsh conditions during fabrication
than the low adherence surface. With this feature, we completed the adherence treatment of the
cover glass prior to device fabrication, followed by low adherence treatment of the intact device,
which would not destroy the adherence surface. Accordingly, the differentiated surface treatment
and the hydrophilic difference between the cover glass and the PDMS chambers make it possible
to culture and image spheroids on the same device.

Lysosomes are widely known to participate in a variety of cellular activities. They not only
play the role of ‘garbage disposal,’ but emerging evidence suggests that they are involved in
other processes such as cell adhesion/migration, apoptosis, and metabolic signal transduction,
which are all closely related to cancer development and progression [49]. Previous studies
have shown that lysosomes undergo dynamic changes in quantity, morphology, and motility
in cancer progression [49–51]. Our investigation reveals that lysosome motility varies across
different depths of the sample, even small differences in depth can result in noticeable changes, as
evidenced in Fig. 4(e). The motility difference we observed in different layers might be attributed
to the gradient of oxygen or carbon dioxide, as well as nutrient content in 3D spheroids. We
speculate that the reason more active lysosomes are observed in the deep layer is that cancer cells
in this location require increased lysosome motility for sufficient nutrients to support cell growth
or proliferation [49,50]. Previous studies have reported that spheroids possess a heterogeneous
structure and function, with different regions exhibiting varied levels of oxygenation, nutrient
availability, proliferation, differentiation, and apoptosis [52]. It is thus reasonable to expect that
lysosomes in different regions of spheroids would demonstrate distinct motility patterns. Thus
increasing the imaging depth by just tens of micrometers can yield critical insights into cell
activities. The microfluidic-based on-chip culture, clearing, and live imaging pipeline permits the
dynamic monitoring of lysosome motility in deep tissues and might facilitate the comprehensive
examination of specific lysosome changes in cancer, thereby providing more opportunities for
cancer diagnosis and targeted lysosomal treatment [49].

Similarly to real tumors, 3D tumor spheroids exhibit variations in cell states with depth due
to the nutrient gradient. Nevertheless, live imaging of deep cells in tumor spheroids remains
challenging. Our study showed that using 20% v/v iodixanol solution as a clearing agent for live
3D cell cultures like tumor spheroids can significantly improve the imaging depth and resolution,
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thereby permitting the observation of more information, such as cell numbers and lysosome
movement. These changes may indicate the metabolic and stress responses of cells during tumor
development, and thus, hold significance for studying the physiological and pathological states
of cells. We are convinced that this clearing method can provide a new tool for dynamically
monitoring live 3D cell cultures, and aid in revealing the behavior and mechanism of cells under
different conditions.

There are also some limitations of this clearing method. Firstly, the on-chip pipeline requires the
attachment of spheroids to cover glass. Although a study involving adhered spheres was conducted
to investigate liver organoids, with no significant effects of attachment on cell behavior found
[53], the impact of attachment on spheroid morphology still requires clarification. Exploring
alternative techniques for holding spheroids without attachment, such as using hydrogels, might
solve the issue. Secondly, to capture images over prolonged periods (hours or days), it may
be necessary to optimize the clearing reagent further, while taking safety factors into account.
Thirdly, the clearing method can be combined with image processing algorithms in future work,
including deep learning-based methods, potentially enhancing image quality and information
extraction. Fourthly, this on-chip clearing method is primarily suitable for small-scale 3D cell
cultures with a diameter of below 1000 µm, and it may not be valid for larger or more complicated
organoids that require extended clearing times and higher clearing efficiency.

As a representative 3D culture model, we used tumor spheroids to demonstrate the feasibility
of this on-chip clearing platform. We expect this platform to be extended to other 3D cell cultures,
such as monitoring neuronal network activities in brain organoids, and tracking calcium signals
in cardiac organoids.

5. Conclusion

In this study, we developed an on-chip clearing method for live imaging of 3D cell cultures on a
microfluidic platform. This method increased the imaging performance with good fluorescence
compatibility and safety, enabling monitoring of the dynamic movement of lysosomes in deep
3D cell cultures. The combination of the ‘organ-on-a-chip’ and tissue optical clearing technique
is expected to provide an important tool for dynamic tracking of growth, development, and
pathological reactions of 3D cell cultures on a chip, and has great potential in biological research
and drug discovery.
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